INTRODUCTION
============

The majority of patients with cancer are treated with chemotherapy \[[@B1]\]. However, side effects of chemotherapy often limit its use. Chemotherapy-induced peripheral neuropathy (CIPN) is a common side effect experienced by patients following exposure to chemotherapeutic agents. The incidence of CIPN can be as high as 80 to 90% of patients receiving chemotherapy \[[@B2]\]. CIPN is usually very debilitating, and the pain may be unbearable \[[@B3]\], which may lead to patients being unable to complete the full or optimal treatment schedule. These unwanted events result in a major impact on patients\' quality of life, leading to higher levels of negative states such as depression, anxiety, and fear \[[@B3]\]. For these reasons, many researchers have tried to overcome CIPN.

To date, various types of animal models of CIPN have been developed \[[@B4][@B5][@B6]\]. Although the models all represent CIPN, the characteristics of each differ from the others. Such discrepancies may be caused by the use of different drugs, the routes of drugs administered, the kinds of animals used, and the types of measurements made. Furthermore, we had a specific focus; most investigators have used normal animals without cancer. Therefore, they could not evaluate the anticancer effect of experimental doses of the chemotherapeutic agents on tumors. Considering the serious aspect of the reproducibility of animal modeling, it is important to determine the dosage of chemotherapeutic agents required to induce a model of CIPN. It should be sufficient to produce not only the anticancer effect but also neuropathic pain.

The purpose of this study was to establish a more proper and convenient model of CIPN. First, we observed the development of CIPN with an anticancer drug, cisplatin, in normal rats. Second, we examined the anticancer effect of cisplatin in a bone tumor model by implantation of mammary rat metastasis tumor (MRMT-1) cells, and observed the features of CIPN in the same condition. Finally, we aimed to validate the new CIPN rat model induced by cisplatin through these experiments.

MATERIALS AND METHODS
=====================

1. Animal preparation
---------------------

Sprague-Dawley (SD) male rats weighing 100-120 g and female rats weighing 140-160 g were used in the experiments. The female rats were used for the MRMT-1 implantation model. The body weight of the female rats was determined by a previous pilot study to optimize tumor cell growth. The animals were acclimated to the laboratory environment for 5-7 days before use. While in their home cage environment, they were allowed free access to a standard rat diet and tap water. The room was maintained at 20-23℃ with a 12 h/12 h light/dark cycle. The study proposal was reviewed and approved by the Institutional Animal Care and Use Committee.

2. Tumor cell preparation
-------------------------

Syngeneic MRMT-1 rat mammary gland carcinoma cells were cultured in 500 ml of RPMI-1640 medium containing 10% heat-inactivated fetal bovine serum, L-glutamine (final concentration 2 mM), and antibiotic solution (100 U/ml penicillin and 100 g/ml streptomycin sulfate) (all from Gibco BRL Co., Ltd., Grand Island, NY, USA). The cells were released from the tissue culture flasks using 0.1% trypsin (Gibco) and prepared for injection by centrifuging them for 4 min at approximately 1200 rpm. The resulting pellet was resuspended in medium and the cells were counted using a hemocytometer. The cells were then diluted to achieve the desired final concentrations for injection and kept on ice until needed.

3. Drugs
--------

Cisplatin (Tocris Cookson Ltd., Bristol, Avon, UK) was dissolved in 0.4% dimethyl sulfoxide (DMSO) in saline just before administration, to a final concentration of 0.2 mg/ml, 0.1 mg/ml or 0.05 mg/ml. The volume for intraperitoneal injection was 1 g body weight per 0.01 ml. The control group received 0.4% DMSO in saline.

4. Experimental protocols
-------------------------

The experiments were composed of two sets. The purpose of the first series of the study was to observe the effect of intraperitoneal cisplatin (0.5, 1, or 2 mg/kg) or saline in naive male rats. The purpose of the second was to observe the effect of intraperitoneal cisplatin (2 mg/kg) or saline in female rats with cancer. For tumor cell implantation, 1 × 10^5^ tumor cells were subcutaneously injected into the right back of the rat. For the control group for the tumor cell rats, culture medium was injected in the same fashion. Two weeks after tumor cell or medium implantation, cisplatin or saline was administered. Cisplatin was administered once a day for four days. To 21 days from the start of cisplatin administration, tests for mechanical and thermal allodynia and thermal hyperalgesia were performed and general behaviors were observed. Tumor size was measured 14 and 28 days (14 days after cisplatin administration) after tumor cell implantation. All values in the nociceptive behavioral tests were the mean figure of the responses from each of the hindpaws.

5. Assessment of mechanical allodynia
-------------------------------------

The paw withdrawal threshold (PWT) in response to mechanical stimulation was measured using the up and down method \[[@B7]\] by applying calibrated von Frey filaments from underneath the cage through openings in the mesh floor to the hindpaw. Rats were placed in a separate transparent Plexiglass chamber with a wire mesh floor underneath and acclimated to the test chamber for 30 min. A series of eight von Frey filaments (0.4, 0.7, 1.2, 2.0, 3.6, 5.5, 8.5, and 15 g) were applied vertically to the plantar surface of the hindpaw for 5 s while the hair was bent. Brisk withdrawal or paw flinching was considered a positive response. If a rat showed a positive response, the less stiff filament was used for the next trial, while the stiffer one was used in cases when rats showed no withdrawal or licking. The cutoff value was determined as 15 g, where the PWT was 15 g if a rat did not show any withdrawal or licking response to the application of a 15 g von Frey filament.

6. Assessment of thermal allodynia
----------------------------------

Thermal allodynia was measured using the acetone spray test. With the animal atop the wire mesh floor, a drop (0.05 ml) of acetone was placed against the center of the ventral side of the hindpaw and a stopwatch was started. In the following 20 s after acetone application, the rat\'s response was monitored. Responses to acetone were graded according to the following 4-point scale: 0, no response; 1, quick withdrawal, flick or stamp of the paw; 2, prolonged withdrawal or repeated flicking (≥ 2) of the paw; 3, repeated flicking of the paw with licking directed at the ventral side of the paw. Acetone was applied alternately three times to each paw and the responses were scored categorically. Cumulative scores were then generated by adding the six scores for each rat together, the minimum score being 0 (no response to any of the six trials) and the maximum possible score being 18 (repeated flicking and licking of paws on each of the six trials) \[[@B8]\].

7. Assessment of thermal hyperalgesia
-------------------------------------

Paw withdrawal latency to radiant heat was assessed as previously described \[[@B7]\]. Each animal was loosely restrained beneath a plastic box on a glass surface and allowed to acclimate for at least 15 min once per day for one week prior to behavioral testing. Testing comprised alternate presentations of radiant heat from below to each hindpaw, focused on the mid-plantar surface. The heat source cut off automatically with paw withdrawal and the latency was recorded. Paw withdrawal latency was defined as the mean of three trials applied to each paw. A cutoff stimulation time of 20 s was used in the event of no movement to avoid skin damage.

8. General behaviors
--------------------

Body weight was monitored for 21 days after injection of cisplatin in both normal and cancer rats. Other abnormal behaviors such as hair loss and sedation were also assessed.

9. Statistical analysis
-----------------------

Data is expressed as mean ± standard error of the mean (SEM). Time response data are presented as PWT to mechanical stimulation, while dose-response data are presented as the percent of maximum possible effect (%MPE). Withdrawal threshold data from von Frey filament testing were converted to %MPE, according to the formula: %MPE = \[(post drug threshold - post-injured baseline threshold) / (cutoff threshold - post-injured baseline threshold)\] × 100. To analyze the 50% probability PWT data and dose-responsiveness, one-way analysis of variance (ANOVA) with Scheffe\'s multiple comparison test was used. *P* values of \< 0.05 were considered statistically significant.

RESULTS
=======

1. General behavior
-------------------

The administration of cisplatin decreased body weight only at the highest dose (2 mg/kg) in normal rats, but body weight returned to baseline after 3 weeks ([Fig. 1](#F1){ref-type="fig"}). This reduction was not seen in rats with tumors implanted. No rats revealed overt abnormal behaviors after cisplatin injection.

2. Mechanical allodynia
-----------------------

In normal rats, 0.5 mg/kg (n = 6) of cisplatin did not alter the withdrawal thresholds compared to baseline. A dose of 1 mg/kg (n = 5) of cisplatin produced a decreasing trend, but this finding was not significant. All rats (n = 6) that received 2 mg/kg of cisplatin showed a powerful reduction of the withdrawal thresholds. In the second series of the study, both rats that received media (n = 5) and those that received tumor cells (n = 5) showed a significant decrease of the withdrawal thresholds in cases of cisplatin injection. However, there was no significant difference in the thresholds between the media and tumor cell groups after cisplatin injection. Saline injection failed to affect the withdrawal thresholds in all rats ([Fig. 2](#F2){ref-type="fig"}).

3. Thermal allodynia and hyperalgesia
-------------------------------------

The administration of cisplatin did not cause any changes in the withdrawal response and latency in either normal or tumor-implanted rats ([Fig. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}).

4. Tumor size
-------------

Tumors developed and their size increased after the implantation of MRMT-1 cells (14 days). After the administration of cisplatin (2 mg/kg), the tumor size decreased gradually over a period of 20 days. In the vehicle group, tumor size increased consistently during the same period ([Fig. 5](#F5){ref-type="fig"}).

DISCUSSION
==========

CIPN is the chief dose-limiting side effect associated with the major classes of frontline drugs, including the taxanes, the vinca alkaloids, and the platin-based drugs, that are used against all of the most common types of cancer \[[@B9]\]. As a consequence of recent developments in palliative therapy for malignant cancer, a number of patients who are scheduled to undergo chemotherapy will be exposed to this problem. Moreover, the symptoms of CIPN, such as numbness, tingling, burning pain, and sensory-motor impairments, are largely refractory to treatment and often persist as a chronic condition long after treatment. Consequently, CIPN will be a major issue affecting the quality of life and return to productivity in cancer patients \[[@B10]\].

Cisplatin (*cis*-diamminedichloroplatinum II) is the first member of a class of platinum-containing anti-cancer drugs which have their effect by causing crosslinking of DNA, leading to apoptosis \[[@B6]\]. It is used to treat various types of cancers, including sarcomas, some carcinomas, lymphomas, and germ cell tumors \[[@B11]\]. Unfortunately, the platinum derivative drugs have a molecular affinity for the peripheral nervous system that lacks a vascular barrier, leading to severe peripheral neurotoxicity that affects most cancer patients treated with cisplatin-based chemotherapy \[[@B12]\].

There are many studies that have shown that cisplatin induces peripheral neuropathy in rats or mice \[[@B4][@B5][@B6]\]. However, these studies were performed with animals in a non-cancerous state. Although cisplatin successfully produced neuropathy using its own study protocol in the CIPN models of primor studies, it is ambiguous whether such regimens of cisplatin may work effectively against cancer. Therefore, we focused on the point that a rat with tumor cells implanted would be a more reasonable model to determine of the adequate cisplatin dose as well as a more appropriate model for reproduction of the clinical situation. Conditions are significantly different from normal to cancer, especially in the immune system. For example, Dunn et al. reported that a number of advanced cancer patients show an immunosuppressive state with decreased T-cell activity \[[@B13]\]. So, we had assumed that the symptoms of CIPN would be different between normal rats and those with cancer.

In this study, we found that administration of intraperitoneal cisplatin once a day for four days decreased the paw mechanical withdrawal threshold in both normal rats and those with induced tumors. In the normal rat model, mechanical allodynia developed in a dose-dependent manner. These findings demonstrate that the peripheral neuropathy produced by cisplatin is dose-limited. In the tumor model, a dose of 2 mg/kg of intraperitoneal cisplatin produced neuropathic pain and decreased the tumor size effectively. However, regarding tactile allodynia, there was no significant difference between the tumor cell and media groups.

This study has some limitations. First, we did not check immunologic parameters in the group of rats with tumors. Consequently, we could not assess the comparative immunologic status of each group of rats. In addition, we used syngeneic MRMT-1 rat mammary gland carcinoma cells to make the cancer rat model. It is probable that there might be a different process in the systemic immune response against natural born cancer cells and implanted tumor cells. Duration is also likely a factor. In this study, tumor cells were installed for 14 days after implantation, and this might not be long enough to change the immunologic response of rats. Second, the rat model after administration of 2 mg/kg cisplatin in this study did not show thermal hyperalgesia or allodynia. In contrast, in a previous study of a CIPN model with a mouse, cisplatin produced tactile allodynia and thermal hyperalgesia when used at total doses up to 15 mg/kg with a delivery period of over 20 days \[[@B14][@B15]\]. As compared with the prior study, we presumed that our dose and duration of treatment may be too low and short to induce thermal hyperalgesia and allodynia. Third, we used female rats for the tumor cell implantation. With so many variables mainly due to sexual hormones, it is generally accepted that female rats are not suitable for pain modeling. Thus, it is appropriate to compare behavioral tests between male rat tumor models and naïve models. Lastly, we used only behavioral tests as an outcome measure method. Clinically, the majority of patients suffer from spontaneous painful paresthesia. However, it is difficult to evaluate paresthesia with behavioral tests that measure evoked responses.

We could not validate a significant difference in mechanical allodynia between the group with implanted cancer and the control group in this study. However, in spite of the limitations, this study is worthwhile in its identification of an optimal cisplatin dose (can be used as a lowest limit) in a rat model of CIPN. For further improvement of this model, more studies regarding cancer immunology and chemotherapy are needed. In addition, standardization of protocols (genetic background of animal, dose and period of treatment, outcome measure methods for evaluation of neuropathy) is necessary for appropriate CIPN modeling. We hope that our work will lead to the new beginning of the CIPN rat model and that the type of model used in the current study will be widely used in future studies to elucidate the mechanism of cisplatin-induced peripheral neuropathy and lead to the discovery of new drugs for the treatment of neuropathic pain.
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![Body weight changes were measured after administration of different doses of cisplatin or vehicle (A), MRMT-1 or media injection before cisplatin or vehicle groups (B). Each line represents mean ± SEM. B: baseline body weight before administration of cisplatin or vehicle. ^\*^*P* \< 0.05.](kjpain-28-236-g001){#F1}

![Hindpaw withdrawal responses to von Frey filaments were measured after administration of different doses of cisplatin or vehicle (A), MRMT-1 or media injection before cisplatin or vehicle groups (B). Each line represents mean ± SEM. B: baseline withdrawal threshold before administration of cisplatin or vehicle. ^\*^*P* \< 0.001.](kjpain-28-236-g002){#F2}

![Hindpaw withdrawal responses to acetone were measured after administration of different doses of cisplatin or vehicle (A), MRMT-1 or media injection before cisplatin or vehicle groups (B). Each line represents mean ± SEM. B: baseline thermal allodynia before administration of cisplatin.](kjpain-28-236-g003){#F3}
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![Tumor volumes were measured 15, 21, and 35 days after injection of MRMT-1 cancer cells. Cisplatin or vehicle was injected 15 days after injection of MRMT-1 cancer cells. CIS: cisplatin, VEH: vehicle.](kjpain-28-236-g005){#F5}
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